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Phospholipid force fields are of ample importance for the simulation of artificial bilayers,
membranes, and also for the simulation of integral membrane proteins. Here, we compare the two
most applied atomic force fields for phospholipids, the all-atom CHARMM27 and the united atom
Berger force field, with a newly developed all-atom generalized AMBER force field !GAFF" for
dioleoylphosphatidylcholine molecules. Only the latter displays the experimentally observed
difference in the order of the C2 atom between the two acyl chains. The interfacial water dynamics
is smoothly increased between the lipid carbonyl region and the bulk water phase for all force fields;
however, the water order and with it the electrostatic potential across the bilayer showed distinct
differences between the force fields. Both Berger and GAFF underestimate the lipid self-diffusion.
GAFF offers a consistent force field for the atomic scale simulation of biomembranes. © 2008
American Institute of Physics. #DOI: 10.1063/1.2897760$

I. INTRODUCTION

Membranes are an indispensable constituent of biologi-
cal cells. Apart from their apparent role in compartmental-
ization, they provide a unique hydrophilic and hydrophobic
platform for the adsorption or anchoring of proteins to the
interface, or for transmembrane proteins interacting mainly
with the hydrophobic core. Lipid bilayers provide a highly
modulative environment interacting, presumably affecting,
and possibly also keeping control of the function of, e.g.,
membrane ion channels and pores. The lipid-protein interac-
tion is exerted both by hydrophobic interactions between the
lipid acyl chains and the protein surface and by polar inter-
actions at the lipid-water interface. Changes in the interac-
tion profile may be attained by variations in the !local" mem-
brane composition or that of the surrounding solvent or by
changes in the temperature or pressure. Thereby, also the
characteristic lateral pressure profile across the membrane is
modified which may induce a shift of conformational equi-
libria between different states of membrane proteins, e.g.,
between the open and closed states of membrane channels.1,2

Molecules strongly interacting with membranes are, e.g.,
cholesterol,3,4 anesthetics,5,6 and monovalent7,8 and divalent
cations.9,10 The latter bind tightly to the carbonyl oxygens of
phospholipids and thereby increase the lipid packing density
as well as modify the lipid headgroup orientation.8,10 Only
recently, the importance of membrane thermodynamics for
the understanding of propagating nerve pulses11 or of the
macroscopic effect of general anesthetic action12 has been
stressed.

Molecular dynamics !MD" simulation has been proven

to be a powerful tool for the study of structural and dynami-
cal properties of lipid membranes in atomic detail.13–15 In
recent years with the dramatic increase in computing power,
membrane simulation has reached an unprecedented time
scale, allowing the study of processes such as membrane
assembly, fusion, domain formation, and protein/peptide/
DNA interactions to be simulated while attaining statistical
significance. In MD simulations, the intra- and intermolecu-
lar interactions of the lipids !also with the environment" are
represented by specific potential functions !known as force
fields". Parameters of the force fields are optimized empiri-
cally to reproduce both ab initio data and experimental ob-
servables. It was shown recently that—apart from appropri-
ate simulation conditions—the quality of the force field is a
crucial ingredient in obtaining reliable computational results
in simulations of lipid bilayers.16

There are two most commonly used lipid force fields
nowadays. The all-atom model CHARMM27,17 evolved from
the old CHARMM22,18 was optimized on the condensed phase
properties of alkanes. Similarly, the united-atom model of
Berger et al.19,20 !aliphatic hydrogen atoms implicitly
treated", based on the united-atom version of Optimized Po-
tential for Liquid Simulations !OPLS",21 was parametrized
against pentadecane. Both models have been extensively ap-
plied in a variety of membrane and membrane-protein stud-
ies and proved to show fairly agreeable results. Often, the
Berger force field is preferred due to the greatly reduced
computational cost with respect to all-atom lipid force
fields.22 Frequently, the united-atom force field for lipids is
combined with the all-atom OPLS !Ref. 23" force field for
the simulation of protein-membrane systems instead of the
more consistent CHARMM force field for both lipids and pro-
teins. The combination of different force fields, however, isa"Electronic mail: rainer@bioinformatik.uni-saarland.de.
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not straightforward and requires careful investigation.22

The main focus in parametrizations and tests of the lipid
force field is typically on the reproduction of experimentally
accessible lipid bilayer properties such as the electron den-
sity profile, the area per lipid, the lipid order parameters, and
the thickness of the membrane. These are generally well re-
produced, with a few exceptions like the measured difference
in the order parameters of the C2 atoms between the two acyl
chains !typically similar in the force fields" or a too low lipid
headgroup hydration at low water content.16 Also,
protein-lipid interactions in combined Berger/GROMOS or
Berger/OPLS lipid-protein simulations are possibly overesti-
mated, resulting in drastic changes of lipid properties upon
insertion of proteins.22,24 This is a consequence of the lack of
experimental data on protein-lipid interactions to be used in
parametrizations.

Deviations from experiment were also observed for the
partitioning of anesthetics in lipid membranes: MD simula-
tions of the spontaneous insertion of 1-alkanols of varying
chain lengths into phosphatidylcholine bilayers applying the
united-atom Berger force field for the lipids and the GROMOS

force field for the 1-alkanols resulted in satisfying partition
coefficients for the long-chain 1-alkanols.25 However, for
ethanol the partition coefficient was increased by a factor of
7–200 with respect to experiment, depending on the force
field chosen for ethanol.25,26 Similar large ethanol partition
coefficients were also obtained by consistently applying the
CHARMM27 all-atom force field.27

Recently, the general all-atom AMBER force field !GAFF"
was developed.28 In contrast to CHARMM and the previous
version of AMBER, it is designed to be a general purpose
force field, allowing extension to arbitrary organic molecules
while keeping consistency with the parameters and forms of
the existing force field. In principle, GAFF can also be used
in membrane simulations, and in fact, Jójárt and Martinek29

reported a tens of nanosecond test on GAFF in palmitoyo-
leoylphosphatidylcholine !POPC" lipid bilayer simulations in
various ensembles, which showed its potency in good agree-
ment with experimental values. Thus, GAFF is expected to
open the lane toward a consistent all-atom force field for
proteins, lipids, and other arbitrary organic molecules.

Here, we developed the all-atom GAFF for dio-
leoylphosphatidylcholine !DOPC" combined with and re-
strained electrostatic potential30,31 !RESP" atomic partial
charges. In a first step, structural and dynamical properties of
a fully hydrated DOPC bilayer were compared to those ob-
tained applying the united-atom force field of Berger et al.
and with the all-atom CHARMM27 force field. Besides the
structural and dynamical properties of the lipid bilayer, spe-
cial emphasis was put on water properties close to the lipid-
water interface and the resulting electrostatic potential across
the phospholipid bilayer. Despite overall agreement in the
reproduction of coarse properties of lipid bilayers, the force
fields showed distinct differences in the phospholipid head-
group orientation, the water content of the interfacial region,
the orientation of the carbonyl group, and the order of the
two acyl chains. For the latter, only GAFF reflected the ex-
perimentally found order asymmetry at the beginning of the
chains.

II. METHODS

A. Initial structures

Two different systems of DOPC bilayers were set up for
this study: A full-atomistic model !with 72 DOPC lipids" for
use with the general AMBER !GAFF" !Ref. 28" and the
CHARMM force fields,17 and a united-atom model !128 DOPC
lipids" for use with the Berger force field.19,20

A full-atomistic, pre-equilibrated DOPC bilayer32

!1500 ps snapshot, available from Ref. 33" was taken as the
starting structure. It consists of 72 lipids at low hydration
with only five to six water molecules per lipid. To ensure full
hydration, the simulation box was enlarged, and additional
water molecules were added to the water phase to attain a
water to lipid ratio of 37.9 #above the suggested experimen-
tal value of 32.5 !Ref. 34"$. In total, the simulation system
contained 2727 water molecules, forming a water slab of
about 1.8 nm thickness. The simulation system consists of
18 117 atoms.

The united-atom model was created from a pre-
equilibrated POPC membrane model of 128 lipids !100 ns"
used in our previous study.8 To convert to the DOPC model,
two additional–CH2–groups were added to the palmitoyl
chain of each POPC lipid in a trans configuration. Addition-
ally, the single bond between carbon atoms 9 and 10 was
changed to be double bonded. The number of water mol-
ecules was 4798, resulting in a water to lipid ratio of 37.4.
The total system size was 21 279 atoms.

B. Force field parameters

Three popular force fields were chosen in this study. The
lipid parameters for the united-atom model of DOPC were
based on Berger. Parameters for the unsaturated carbons,
however, were taken from the GROMOS87 force field.35 The
CHARMM27 force field for DOPC was converted to GROMACS

topology !conversion script kindly provided by Mark Abra-
ham". Note that the conversion is not exact and dihedrals
were fitted to Ryckaert–Bellemans dihedrals to reproduce the
CHARMM27 !Ref. 17" force field the best.

For GAFF, the atomic charges for the lipids were evalu-
ated using antechamber with the RESP potential fit
method30,31 after an ab initio HF /6-31G* calculation using
the GAUSSIAN03 program package36 and fitting the electro-
static potential at points selected according to the Merz–
Singh–Kollman scheme. The RESP fitted charges from 72
lipid conformations taken from the Feller model were aver-
aged and rounded to two decimal points. The rounding was
done with preference to conserve the total charge on a
chemical group.

As shown in Table I !also see Fig. 1 for the naming
convention of atoms", the total charges on the choline and
phosphate groups, on the glycerol backbone, on the carbonyl
groups, and the acyl chains are similar for all investigated
force fields. Differences are especially seen in the charge
distribution of the choline group: The nitrogen atom is al-
most uncharged in GAFF but highly negatively charged in
the CHARMM27 and in the Berger force field. The acyl chain
atoms are neutral in the Berger force field; for GAFF only
the beginning of the chain !C2 atom", the unsaturated car-
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bons and the attached hydrogens, as well as the terminal
methyl groups carry charges significantly different from 0. In
contrast, all atoms of the acyl chains have non-negligible
charges in the CHARMM27 force field.

For the DOPC bilayer simulation applying the Berger
force field the Simple Point Charge !SPC" water model37 was
chosen as this force field was developed with SPC water. For

TABLE I. The atom types and the partial charges of all atoms used in the
respective force fields.

Name

GAFF CHARMM27 Berger

Type Charge Type Charge Type Charge

Choline ! 1.1 ! 1.1 ! 1.4
N1 n4 0.02 NTL !0.60 LNL !0.50
C2 c3 !0.12 CTL5 !0.35 LC3 0.40
H2a/b/c hx 0.11 HL 0.25
C3 c3 !0.12 CTL5 !0.35 LC3 0.40
H3a/b/c hx 0.11 HL 0.25
C4 c3 !0.12 CTL5 !0.35 LC3 0.40
H4a/b/c hx 0.11 HL 0.25
C5 c3 !0.01 CTL2 !0.10 LH2 0.30
H5a/b hx 0.09 HL 0.25
C6 c3 0.16 CTL2 !0.08 LC2 0.40
H6a/b h1 0.06 HAL2 0.09

Phosphate ! !1.28 ! !1.2 ! !1.4
O7 os !0.42 OSL !0.57 LOS !0.80
P8 p5 1.12 PL 1.5 LP 1.70
O9 o !0.78 O2L !0.78 LOM !0.80
O10 o !0.78 O2L !0.78 LOM !0.80
O11 os !0.42 OSL !0.57 LOS !0.70

Glyercol ! !0.1 ! !0.32 ! !0.2
C12 c3 0.06 CTL2 !0.08 LC2 0.40
H12a h1 0.08 HAL2 0.09
H12b h1 0.08 HAL2 0.09
C13 c3 0.14 CTL1 0.04 LH1 0.30
H13 h1 0.13 HAL1 0.09
C14 c3 0.01 CTL2 !0.05 LC2 0.50
H14a h1 0.10 HAL2 0.09
H14b h1 0.10 HAL2 0.09
O15 os !0.40 OSL !0.34 LOS !0.70
O16 os !0.40 OSL !0.34 LOS !0.70

Carbonyl ! 0.28 ! 0.22 ! 0.2
C1a c 0.71 CL 0.63 LC 0.80
O1a o !0.57 OBL !0.52 LO !0.60
C1b c 0.71 CL 0.63 LC 0.70
O1b o !0.57 OBL !0.52 LO !0.70

Acyl chain ! 0.0 ! 0.1 ! 0.0
C2 c3 !0.12 CTL2 !0.08 LP2 0.000
H2a/b hc 0.05 HAL2 0.09
C3 c3 !0.02 CTL2 !0.18 LP2 0.000
H3a/b hc 0.02 HAL2 0.09
C4 c3 !0.03 CTL2 !0.18 LP2 0.000
H4a/b hc 0.02 HAL2 0.09
C5 c3 !0.02 CTL2 !0.18 LP2 0.000
H5a/b hc 0.01 HAL2 0.09
C6 c3 !0.02 CTL2 !0.18 LP2 0.000
H6a/b hc 0.01 HAL2 0.09
C7 c3 !0.02 CTL2 !0.18 LP2 0.000
H7a/b hc 0.02 HAL2 0.09
C8 c3 0.04 CTL2 !0.18 LP2 0.000
H8a/b hc 0.03 HAL2 0.09
C9 c2 !0.25 CEL1 !0.15 LH1 0.000
H9 ha 0.13 HEL1 0.15
C10 c2 !0.24 CEL1 !0.15 LH1 0.000
H10 ha 0.13 HEL1 0.15
C11 c3 0.02 CTL2 !0.18 LP2 0.000
H11a/b hc 0.03 HAL2 0.09

TABLE I. !Continued."

Name

GAFF CHARMM27 Berger

Type Charge Type Charge Type Charge

C12 c3 !0.01 CTL2 !0.18 LP2 0.000
H12a/b hc 0.01 HAL2 0.09
C13 c3 !0.00 CTL2 !0.18 LP2 0.000
H13a/b hc 0.00 HAL2 0.09
C14 c3 !0.00 CTL2 !0.18 LP2 0.000
H14a/b hc 0.00 HAL2 0.09
C15 c3 !0.02 CTL2 !0.18 LP2 0.000
H15a/b hc 0.01 HAL2 0.09
C16 c3 !0.01 CTL2 !0.18 LP2 0.000
H16a/b hc 0.01 HAL2 0.09
C17 c3 0.02 CTL2 !0.18 LP2 0.000
H17a/b hc 0.01 HAL2 0.09
C18 c3 !0.13 CTL3 !0.27 LP3 0.000
Ha/b/c hc 0.03 HAL3 0.09

FIG. 1. !Color" Schematic drawing of the DOPC lipid and the naming
convention used in this manuscript.
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the same reason, the bilayer applying the CHARMM27 lipid
force field was solvated with TIP3P water.38 For the newly
developed GAFF, both the Extended Simple Point !SPC/E"
!Ref. 39" water model and the TIP3P water model !starting
from a snapshot of the SPC/E system after 100 ns" were
chosen for comparison.

C. Simulation conditions

All simulations were performed using the GROMACS

package.40,41 Periodic boundary conditions were applied in
all directions. The system was separately coupled to a tem-
perature bath at 310 K for the lipids and the water molecules
with a coupling time constant of 0.1 ps!1.42 Bonds to H at-
oms were constrained using the LINCS !Ref. 43" and the
SETTLE algorithms.44 This allowed for an integration step
size of 2 fs. The nonbonded pair list was updated every ten
steps with a cutoff of 1.0 nm. For the short range van der
Waals interactions, a cutoff distance of 1.0 nm was used. In
treating the long-range electrostatics, the particle-mesh
ewald method with a grid spacing of 0.12 nm and cubic in-
terpolation was adopted.

Two systems were simulated at constant pressure !GAFF
all-atom and Berger united-atom, systems A and E in Table
II", applying a semi-isotropic pressure coupling with a
barostat relaxation time of 1 ps at a pressure of 1 bar.42 In
order to ensure an area per lipid in agreement with experi-
ment, DOPC bilayers simulated applying all-atom force
fields were additionally subjected to a surface tension " !"
=22 dyn /cm per surface; systems B, C, and D". In the fol-
lowing, constant temperature and pressure conditions will be
termed NPT ensembles, simulation conditions including sur-
face tension NP"T ensembles. However, note that the Ber-
endsen thermostat and barostat do not strictly provide a cor-
rect NPT ensemble. The volume compressibility was chosen
to be 4.5#10!5 bar!1. Data were collected every picosecond.

All simulation systems were energy minimized with the
steepest descent method and subsequently simulated for
100 ns each. For the analyses, the first 20 ns were disre-
garded due to equilibration effects.

Table II gives a summary of the simulation systems pre-
sented in this manuscript. With a combination of different
force fields, pressure coupling methods, and water models, a
total of five systems were studied and compared.

D. Analysis

1. Lipid order parameter
The lipid order parameter, SCD, is a direct measurement

of the acyl chain order or disorder from the quadrupolar
splitting in the NMR experiment. For the simulations, the
molecular order parameter is given by13

Sij = 1
2 %3 cos $i cos $ j ! %ij& , !1"

where $i is the angle between the ith molecular axis !i , j
=x ,y ,z" and the bilayer normal. When the CnH bond vector
is used as the molecular axis !say, z", then Szz gives the
experimentally measured SCD value.45 For the united-atom
model which contains no explicit hydrogen atoms in the car-
bon tails, the segmental vector Cn!1 to Cn+1 is taken as the
molecular axis of the Cn methylene group, about which the
segment motion is assumed to be axially symmetric. Then,
the deuterium order parameter SCD is approximated by the
following relations for saturated and unsaturated carbon tail
atoms:46

! SCD
sat = 2

3Sxx + 1
3Syy !2"

and

! SCD
unsat =

1
4

Szz +
3
4

Syy &
'3
2

Syz. !3"

2. Lipid and water diffusion

The self-diffusion coefficient D of molecules can be cal-
culated from the Einstein relation on Brownian motion:

2dfD = lim
t!'

1
t
%!r!t" ! r!0""2& , !4"

where df is the number of translational degrees of freedom
!for lateral diffusion df =2" and r!t" is the position of the
molecule at time t. In practice, the lateral self-diffusion co-
efficient is estimated from the slope of the molecule’s mean
square displacements !msds" d2 #e.g., taken on the center of
mass !c.m." coordinates$ in a defined time window averaged
over all molecules N:8

d2!t" =
1
N

(t

T ! t(i=1

N

(
t0=0

T!t!1

)r!t0" ! r!t0 + t")2. !5"

The first sum runs over the N molecules and the second sum
runs over all time frames smaller than T! t, where T is the
sampling time !(t is the time between two subsequent con-
formations".

For the lipids, the lateral msds were corrected for the
c.m. motion of the respective monolayer.8 c.m. removal al-
lows a correction for correlated unidirectional motions. For
the investigated system sizes the c.m. removal likely yields a
too small value for the lipid diffusion.47 However, without
c.m. removal the diffusion coefficient might be severely
overestimated due to correlations even with the second lipid

TABLE II. Overview of the simulation systems presented in this study.

System No. of lipid No. of water Lipid force field Water model Ensemble

A 72 2727 GAFF all-atom SPC/E NPT
B 72 2727 GAFF all-atom SPC/E NP"T
C 72 2727 GAFF all-atom TIP3P NP"T
D 72 2727 CHARMM all-atom TIP3P NP"T
E 128 4789 Berger united-atom SPC NPT
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shell around a molecule: Transitions will propagate over dis-
tances larger than the box size47 !for the 72 lipid system".

The errors were estimated by splitting the trajectories
into pieces of 20 ns length !block averaging".

To obtain a spatially resolved water diffusion coefficient,
the simulation box was divided into 40 slabs !i.e., *2 Å per
slab" and the lateral diffusion in each slab was calculated by
considering only the water molecules located in the same
slab at time t0 and at time t0+ t. Block averaging from 5 ns
pieces of the production trajectory was used to obtain the
mean and standard error of the coefficients.

For comparison, additional simulations of pure water
boxes !containing 2182 water molecules, 5 ns simulation
length each" yielded bulk water diffusion coefficients for the
investigated water models.

3. Electrostatic potential

The electrostatic potential across the phospholipid bi-
layer was calculated by double integration of the averaged
charge density ) across the bilayer,

*!z" ! *!z0" = !
1
+0
+

z0

z

dz!+
z0

z!
)!z""dz". !6"

III. RESULTS

A. Area per lipid

The area per lipid is frequently used as a measure for the
equilibration of the lipid bilayer system or to monitor phase
transitions. In practice, the area per lipid is obtained as the
lateral area of the simulation box !the xy-plane" divided by
the number of lipids in one monolayer.

In Fig. 2, the area per lipid for the 100 ns trajectory of
each simulation system is presented. Equilibration in the area
per lipid is reached after approximately 20 ns for each sys-
tem, and the analyses were conducted on the final 80 ns of
the trajectories.

For a DOPC simulation applying the CHARMM27 force
field without surface tension !data not shown" the area per
lipid decreased to 0.56 nm2 within 16 ns. This transition to a

gel-like state was previously observed for a dipalmitoylphos-
phatidylcholine !DPPC" bilayer applying the same force field
in the NPT ensemble.48,49 Also, in a comparative simulation
study of a DOPC bilayer at low hydration between the
CHARMM and Berger force field in the NPT ensemble, a too
small area per lipid was reported for the CHARMM27 force
field.50 The transition to a gel-like state can be prevented by
application of a surface tension "=22 dyn /cm !system D".
Also for GAFF in the NPT ensemble the area per lipid was
well below the crystallographic value !0.62 nm2 versus
0.72 nm2". Test simulations showed the best agreement to
experimental data in the NP"T ensemble by applying the
same surface tension " as for the CHARMM27 system !tested
values "=22,30,35 dyn /cm".

Table III shows that the area per lipid favorably agrees
with the experimental value of 72 Å2 for the GAFF and
CHARMM27 systems !B, C, and D". However, lipids simulated
in the Berger force field !NPT, system E" were too densely
packed !area per lipid 8% below experiment".

B. Lipid headgroup orientation

Differences among the force fields in the lipid headgroup
region are reflected, e.g., in the headgroup tilt with respect to
the bilayer normal. The headgroup tilt was taken as the angle
between the vector connecting the phosphorus and the nitro-
gen atoms and the bilayer normal. The most probable orien-
tations as well as the width of the distribution of tilt angles
are summarized in Table IV. The largest lipid headgroup tilt
angles were observed for the Berger force field !86°, system
E" and the smallest for GAFF !59° for system A and 67° for
system B". The distribution of tilt angles is broad for all
investigated force fields, with a width at half maximum from
62° !CHARMM27" to 88° !Berger". The difference in the lipid
headgroup tilt is also reflected in the electron density profiles
across the bilayer !see below". The straightened headgroup
orientation in the CHARMM27 force field and in GAFF en-
abled an increased water content in the interfacial
membrane-water region.

C. Lipid order parameter

The ensemble averaged deuterium lipid order parameters
)SCD) of the two carbon tails are separately shown in Fig. 3.

FIG. 2. !Color" Area per lipid for the five investigated systems in 100 ns
simulation time smoothed by a sliding window of 1 ns length. Larger fluc-
tuations were observed for systems applying surface tension !B, C, and D"
as compared to those using semi-isotropic pressure coupling !A and E". Note
that the experimental area per lipid for DOPC was measured to be
0.721 nm2 at 30 °C !Ref. 79".

TABLE III. Averages and errors of the membrane structural parameters
calculated by block averaging !block length of 20 ns". The membrane thick-
ness was measured as the distance between the two peaks in the system
electron density profiles. Errors in the area per lipid for systems D and E
were rounded to 0.01 nm2.

System
Area per lipid

!nm2"
Membrane thickness

!nm"

Expt.a 0.721 3.71
A 0.62,0.01 4.00,0.05
B 0.72,0.01 3.61,0.04
C 0.74,0.03 3.51,0.13
D 0.71,0.01 3.63,0.13
E 0.66,0.01 3.72,0.11

aThe experimental values were measured by Liu and Nagle !Ref. 79" using
fully hydrated DOPC bilayers at 30 °C.
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All systems displayed the general trend of decreasing order
along the chain toward the core of the bilayer with a promi-
nent dip close to or at the double-bond segment !carbon at-
oms 9 and 10". Similar characteristics were observed for the
oleoyl chain of POPC by deuterium NMR !Ref. 51" and in
MD simulations !see, e.g., the recent work by Pandit et al.,52

and on DOPC by the DROSS NMR technique.53 Both
2H-NMR and 2H-13C DROSS NMR found the dip located at
the C10 atom.

In the MD simulations, however, the position of the cen-
tral discontinuity differed among the investigated force

fields: It occurred in both chains at C9 for CHARMM27 !D",
and at C10 for Berger !E", while for GAFF !B" the dip is
seen at C11 for the sn-1 chain and at C10/C11 for the sn-2
chain !see Fig. 1 for the naming". Atoms more far away from
the glycerol backbone !C12uC18" showed the same order
for both chains in all force fields, which is in agreement with
NMR data. This finding was even observed for the saturated
and unsaturated chains of POPC.51

In contrast, deuterium NMR revealed differences close
to the glycerol backbone even for identical chains: In studies
on DPPC !Ref. 54" and POPC !Ref. 51" a distinctly smaller
order was observed for the C2 atom of the sn-2 acyl chain as
compared to the sn-1 chain. This inequivalence of the chains
close to the glycerol backbone was found to be independent
of the polar headgroup and thus to be a general feature of
phospholipids within membranes.51 From NMR results it
was concluded that the orientations in the beginning of the
chains differ significantly with chain 1 being oriented per-
pendicular and chain 2 parallel to the bilayer surface.54 The
suggestion of different conformations of the beginnings of
the two chains was supported by x-ray diffraction studies.55

Only the new GAFF for DOPC reflected the general order
characteristics with a significantly enhanced order for the C2
atom of the sn-1 chain. The Berger and CHARMM27 force
fields show similar profiles for both chains close to the glyc-
erol backbone as was also observed in earlier studies based
on multinanosecond simulations.7,25,56 For DPPC, the C2 or-
der for the sn-1 chain was even reported to be smaller than
that of the sn-2 chain applying the CHARMM27 force field.17

A previous study on DOPC !Ref. 57" applying a modified
GROMOS96 force field58 reported tiny differences for the C2
order parameters between the chains, together with the dip
located at the C9 !Ref. 57" atom similar to the CHARMM27

force field or at the C10 atom.58

The conformation in the beginning of the acyl chain is
described by the orientation of the vector connecting the C1
and the C2 atom: For both CHARMM27 and GAFF lipids,
chain 1 is oriented perpendicular to the bilayer surface
!maximum of the probability distribution of angles to bilayer
normal *180°, data not shown". While the distribution is
only slightly shifted to smaller angles for chain 2 in
CHARMM27 !163°, width 44°", the second chain adopts a sig-
nificantly different orientation with respect to chain 1 in
GAFF !133°, width 27°". Like for CHARMM27, the orienta-
tions of the C1uC2 vector for the Berger force field are
similar to 160° and 144° for the two chains.

In the deuterium NMR experiment,51 two signals were
observed at C2 indicating a nonequivalence of the two hy-
drogen positions only in this segment, due to different aver-
age orientations.59 For the all-atom GAFF and CHARMM sys-
tems, the order parameter of each individual CuH bond can
separately be determined. In the simulations !data not
shown" the order of the two hydrogens is very similar in all
methylene segments including the C2 segment. The differ-
ence of the mean between the two hydrogens in C2 is only
0.01 for GAFF and is 0.02 for CHARMM, while the experi-
mental difference is about 0.05. Hence, the nonequivalent
feature at C2 cannot be reproduced by any of the tested force
fields.

TABLE IV. Distribution of lipid headgroup orientations computed as the
angle between the vector connecting the phosphorus and the nitrogen atoms
and the bilayer normal. Both the maximum of the distribution—the most
probable orientation—and its width are given. The last two columns give the
most probable total dipole moment of the individual lipids in the respective
force fields !, the width of a fitted Gaussian distribution" as well as the
average of the dipole moment along the bilayer normal !z-direction".

System
Most probable

orientation !deg"
Width at

half maximum !deg" M ,- !D" Mz !D"

A 59 79 ! !33
+46" 23.2,3.8 4.3

B 67 74 ! !38
+36" 23.2,2.8 4.0

C 69 82 ! !43
+39" 23.3,2.7 3.5

D 73 62 ! !30
+32" 23.7,3.2 2.1

E 86 88 ! !56
+32" 27.1,3.8 8.1

FIG. 3. Deuterium order parameters, )SCD), for the two acyl chains of DOPC
lipids analyzed for systems B, D, and E. Error bars indicate the errors of the
means from block averaging !blocks of 20 ns length". Experimental values
are given for the POPC sn-1 !black squares" and sn-2 chain !gray squares"
at 27 °C !Ref. 51", and for DOPC sn-2 at 37 °C !Ref. 53" !# symbols".
Note that the double-bonded carbon atoms are at positions 9 and 10.
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D. Density profile and membrane thickness

Electron density profiles of the simulated membrane sys-
tems can directly be compared to x-ray experimental data.
Figure 4 shows the overall electron density and the electron
densities of individual chemical groups of the bilayer.

The total electron density of the GAFF system without
surface tension !A" shows good agreement with the x-ray
data in the hydrophobic core region. However, the membrane
thickness measured as the distance between the maxima of
the electron density profiles is increased by *3 Å with re-
spect to experiment !see Table III". The GAFF-SPC/E system
applying surface tension !B" revealed overall excellent
agreement with the experimental profile. Using the TIP3P
instead of the SPC/E water model together with GAFF !C"
resulted in a decreased density at the membrane-water
interface.

Also the electron density profile obtained for the
CHARMM27 system !D" agrees well with the experimental
profile, except for the region of the central methyl groups for
which the density is significantly enhanced with respect to
experiment. Interestingly, systems with the TIP3P water
model showed enhanced bilayer fluctuations, resulting in in-
creased error bars for the membrane thickness !Table III".

Although the membrane thickness is best modeled by the
Berger force field !E", the electron density profile is at vari-
ance with the x-ray data. The headgroup region is broadened,
and the methyl group region is underestimated.

For comparison between the investigated force fields,
Fig. 5 shows a close-up view of the membrane-water inter-
face for the GAFF-SPC/E, CHARMM27-TIP3P, and Berger-
SPC force field combinations. Although the membrane thick-
ness is similar for all three force fields, both GAFF and

FIG. 4. !Color" The !symmetrized" electron density
profiles of the overall and individual chemical compo-
nents of all simulation systems. The profiles are cen-
tered at the core of the bilayer, and the standard errors
!as shown here in gray lines" are calculated by dividing
the trajectories into blocks of 20 ns length. The profile
was computed by placing the appropriate number of
electrons at the center of atomic nuclei binning along
the direction of the membrane normal !bin width of
0.3 Å". The experimental density profile !Ref. 79" is
shown as a dashed line.

FIG. 5. !Color" Comparison of the electron density pro-
files at the membrane-water interface !centered on the
lipid bilayer" for force field combinations GAFF-
SPC/E, CHARMM27-TIP3P, and Berger-SPC !systems B,
D, and E". The same coloring scheme for Fig. 4 is used
here.
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CHARMM27 show a drastically increased water content !blue
lines" in the lipid headgroup region as compared to Berger
!with root mean square deviations, rms, of 37 and 27 e /nm3,
respectively", coupled to a decreased DOPC electron density
!red lines, with rms of 31 and 20 e /nm3, respectively". While
the membrane thickness between Berger and the all atom
systems differs only by 1 Å, the carbonyl groups are shifted
for Berger-SPC by *2 Å toward the headgroup region. The
hydration of the carbonyl oxygens is significantly lowered
for Berger lipids with respect to CHARMM27 and GAFF: The
cumulative radial distribution yielded an average of only 1.5
water molecules around both carbonyl oxygens for Berger
!taken at the first minimum of the radial distribution func-
tion, 0.55 for the sn-1 chain", but 3.4 !1.7" and 2.9 !1.4"
water molecules for CHARMM27 and GAFF lipids,
respectively.

E. Lipid and water diffusion

Lipids in the liquid crystalline phase diffuse in the plane
of the bilayer due to thermal agitation. This diffusive move-
ment can roughly be classified into two regimes: Fast fluc-
tuation of the lipid in the local solvation cage60 and a rela-
tively slow but long distance diffusion in the bilayer.
Different experimental methods acting on different time
scales therefore obtain lipid diffusion coefficients differing
by two to three orders of magnitude.

As shown in Fig. 6 !upper panel" the lipid msd for all
systems clearly showed the existence of both long-range and
short-range diffusion behaviors of lipids, with a smooth tran-
sition between the two regions. In order to determine the
linear segment in the msd curve !long-range diffusion", the
diffusion coefficient D was calculated using different time
windows for the linear fit.

The values for D !Fig. 6, lower panel" converged be-
tween 3 ns !for systems A, B, and E" and 5 ns !C and D".
Therefore, the diffusion coefficients for long-range lipid dif-
fusion were consistently computed from a linear fit to the
msd between 5 and 10 ns. The data are summarized in Table
V. With the exception of the bilayer simulated applying the
CHARMM27 force field !system D", all computed diffusion
coefficients are smaller by a factor of 2–8 as compared to the
experimental value of D=13.7#10!8 cm2 s!1 #NMR on ori-
ented bilayers at 308 K !Ref. 61"$. Interestingly, the DOPC
diffusion is also strongly dependent on the force field used
for the water molecules: While GAFF combined with SPC/E
water yields a lipid diffusion coefficient of D= !3.1,0.9"
#10!8 cm2 s!1, the diffusion is almost enhanced by a factor
of 2 for GAFF combined with TIP3P water. Thus the in-
creased bulk water diffusion of TIP3P with respect to SPC/E
!see below" has also a pronounced influence on the lipids in
a bilayer. Although the area per lipid is similar for both sys-
tems, the long-range lipid diffusion is about two times larger
for the CHARMM27-TIP3P system as compared to GAFF-
TIP3P. The CHARMM27 diffusion coefficient is, however, sub-
ject to a large error.

The diffusion coefficients obtained on the subnanosec-
ond time scale decayed exponentially with increasing time
scale. Values for the diffusion coefficient range between 5

#10!8 and 82#10!8 cm2 s!1, depending on the time scale
and on the applied force field, and are in agreement with
experimental diffusion coefficients obtained for DPPC of
!10–100"#10!8 cm2 s!1.60,62,63

The !lateral" water diffusion close to the phospholipid
bilayer and in the interfacial region strongly depends on the
water model applied in the simulation !see Fig. 7". While
SPC/E water in GAFF simulations was largely immobilized

FIG. 6. !Color" Lipid diffusion coefficients calculated for different time
lengths of the simulations by block averaging: The trajectory was divided
into 20 ns pieces and the msd !upper panel" was calculated separately for
each block. Diffusion coefficients !lower panel" computed for different time
ranges were obtained by fitting different time windows of the msd curve.
For the short-range diffusion !colored # symbols", shorter time windows of
100 ps !fit starts between 10 and 500 ps" and 500 ps !fit starts between
500 ps and 6 ns" were used. For the long-range diffusion !colored ! sym-
bols" fitting was done on the linear segment of the msd curve between 5 and
10 ns.

TABLE V. The calculated mean lateral diffusion coefficient for water mol-
ecules and for DOPC molecules. For water diffusion, the average was cal-
culated from all water molecules in the system regardless of the distance to
bilayer. For lipid diffusion, the long-range diffusion coefficients are shown
here while the short-range diffusions are depicted in Fig. 6.

System
Water diffusion
!#10!5 cm2 s!1"

Lipid diffusion
!#10!8 cm2 s!1"

Expt. 13.7a

A 2.27,0.03 1.79,0.51
B 2.07,0.03 3.13,0.94
C 4.31,0.08 5.71,1.06
D 4.60,0.08 11.76,3.39
E 3.63,0.02 5.52,1.00

aThe experimental lipid diffusion coefficient is taken from pulsed field gra-
dient NMR experiments on oriented bilayers at 308 K !Ref. 61".
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in the interfacial region !blue and black lines, see also Lopez
et al.,64 both Berger-SPC and CHARMM27-TIP3P resulted in a
comparingly large water diffusion of !1–3"#10!5 cm2 /s.
This is at least partially caused by the enhanced bulk diffu-
sion values for these water models65 as compared to experi-
ment !2.92#10!5 cm2 /s at 35 °C, see Ref. 66".

F. Electrostatic potential and dipole moment

The electrostatic potential, or the dipole potential, is
known to be an important factor for the permeation of ionic
species through membranes, and the insertion and proper
function or regulation of membrane proteins. Lipid polar
headgroups, glycerol esters, as well as water molecules were
found to contribute to the total electrostatic potential, which
arises from the nonrandom orientation of lipids and hydrated
water in the bilayer. Experimentally, a fully saturated phos-
pholipid was measured to have an electrostatic potential in
the range of 220–280 mV.67,68 Introducing one unsaturated
segment to the acyl chains would decrease the value of the
potential by as much as 30 mV.69

Figure 8 shows the calculated electrostatics potential of
all investigated force fields. Quantitatively, all profiles are
larger by a factor of 3–4 as compared to experiment. Never-
theless, they are qualitatively in agreement with
experiments70 and in accord with previous simulation studies
!see, e.g., Refs. 8, 71, and 72": The potential is positive in-
side the bilayer, and the phospholipid headgroups contribute
a negative potential !solid lines in Fig. 8, lower panel" which
is overcompensated by the opposed water dipole orientation
!dashed lines" in the interfacial region, resulting in a total
positive electrostatic potential. The orientation of water di-
poles was previously found to be reduced in the presence of
salt ions.8

Both all-atom force fields have a distinct potential maxi-
mum at the bilayer center, caused by the nonzero partial
charges on the terminal methyl groups. While the total elec-
trostatic potential for the CHARMM27 system rises first in the
region of the carbonyl groups, the potential for the GAFF

system steeply increases in the choline/phosphate region
!similar for both investigated water models". For the latter,
the potential decreases slightly toward the unsaturated car-
bons of the chains followed by the central maximum. The
Berger force field showed a flat potential in the region of the
hydrocarbon chains which is due to the uncharged hydrocar-
bon tail atoms.

Besides the PC headgroup, mainly the fatty acid carbo-
nyl groups contribute to the molecular dipole moment !see
also distribution of partial charges in Table I". In crystal
structures at very low hydration !two water molecules per
lipid" an asymmetry between the carbonyl orientations of the
sn-1 and sn-2 was observed.73,74 The sn-1 carbonyl oriented
parallel to the bilayer plane and the sn-2 carbonyl was found
in two different conformations, both pointing toward the wa-
ter phase !partially negatively charged oxygen pointing out
of the hydrophobic core".

All force fields showed broad Gaussian-like distributions
of CvO orientations with respect to the bilayer normal
!data not shown". Within the Berger force field, the most
probable angle * between the CvO vector and the mem-
brane normal was shifted from 60° to 31° between the sn-1
and sn-2 carbonyls, and the probabilities of finding angles
below 90° !carbonyl pointing to the water phase, and carbo-
nyl dipole toward hydrophobic core" are 86% and 97%, re-
spectively. For GAFF !with surface tension, SPC/E water",
an increase in * from 54° to 69° was observed, and the
probability of finding a carbonyl pointing to the water phase
is 93% for the sn-1 and is 76% for the sn-2 carbonyl. The
most probable carbonyl angles for the acyl chains in the
CHARMM27 force field are 44° and 69°; however, the prob-
abilities for angles .90° were similar for both chains with
70%.

FIG. 7. !Color" The lateral diffusion coefficients of water molecules !solid
lines" at the membrane-water interface. The dashed lines mark the normal-
ized DOPC electron density profiles !superimposed at the descending slope"
to indicate the location of the bilayer. The respective values for bulk water
diffusion are shown as dashed-dotted lines !errors in gray shading". All
diffusion coefficients !and standard errors" were measured by fitting the
slope between 2 and 200 ps of the msd curves, using block averaging of
length 5 ns.

FIG. 8. !Color" Total electrostatic potential !upper panel" and contributions
!lower panel" due to the lipid dipoles !solid lines" and due to water dipole
orientation !dashed lines" at the membrane/water interface across the DOPC
bilayer !symmetrized". The potential was averaged over the final 80 ns of
the simulation.
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The water order in the interfacial region is further inves-
tigated in Fig. 9, showing the mean dipole moment of water
molecules depending on their position relative to the lipid
bilayer. Both Berger and GAFF systems revealed two re-
gions of positive water dipole moment !pointing into the
membrane, opposite to the lipid dipoles", one in the region of
the choline and phosphate groups and the second at the hy-
drophobic interface close to the carbonyl groups. The water
orientation is more pronounced for the Berger force field.
This is due to the increased total dipole moment of Berger
lipids !*15% with respect to GAFF and CHARMM27" and the
two times larger component of the dipole moment normal to
the membrane !Table IV".

For the CHARMM27 system !D", the water dipole orienta-
tion at the interface headgroup-hydrophobic core is reversed
with respect to the other force fields. Both the water model
!TIP3P" and the significant amount of carbonyl dipoles
pointing into the hydrophobic core !*30% " for CHARMM27

are presumably the cause for this reversed water dipole
orientation.

IV. DISCUSSION

All three investigated lipid force fields were shown to
correctly describe the coarse properties of phospholipid bi-
layers. However, the general feature of distinctly different C2
order parameters between the two acyl chains is observed
only in the newly developed GAFF for DOPC. Neither of the
investigated force fields could reproduce the experimentally
observed C2 splitting in the sn-2 chain, and indeed the two
methylene hydrogen positions were found equivalent along
the acyl chains in both all-atom models. The C2 splitting was
suggested to be due to two different conformations of the
lipid molecule or due to the magnetic inequivalence of the
C2 deuterons in the NMR experiment.51 The simulations did
not provide any evidence for different C2 order parameters
coupled to different lipid conformations. Possibly, a polariz-
able lipid force field can induce an inequivalence of the two
protons due to differential shielding at the hydrophobic/
hydrophilic interface.

Also the different orientations in the beginning of the
two chains with respect to the bilayer normal appear to be
best described by GAFF. Interestingly, Jójárt and Martinek29

did not observe significant differences between the C2 atom
orders of the palmitoyl and the oleyl chains of POPC apply-
ing GAFF. This might be due to high sensitivity of RESP
charges to the conformation of the molecule !charge calcula-
tion on 12 conformations29 versus 72 conformations here".
Order parameters reported for the recently developed GRO-

MOS96 45A3 force field for phospholipids75 also show an
enhanced order for the C2 atom of the sn-1 chain !DPPC".
However, the latter two studies were probably based on too
short sampling times !4 ns and 300 ps, respectively". A re-
cent reparametrization of the partial charges in the
CHARMM27 force field enabling simulations of the fluid phase
in the NPT ensemble49 did not yield improved C2 atom or-
ders with respect to the original CHARMM27.

Both structural and dynamical properties of the aqueous
solution at the water-phospholipid bilayer interface !for a
thorough review on this topic see Berkowitz et al.15" were
shown to depend on the phospholipid force field: The order-
ing of water molecules within the lipid-water interface cru-
cially depends on the chosen lipid force field. For
CHARMM27, the total electrostatic potential was shown to rise
first in the region of the carbonyl groups. Together with the
experimental finding that removal of the carbonyl groups
only partly accounts for the positive electrostatic potential
inside lipid bilayers70 this may question the applicability of
the CHARMM27 force field in cases where the potential is
crucial to, e.g., the structure or function of membrane-
associated proteins or in the electrostatically driven binding
of molecules to membranes.

Also the water dynamics close to membrane interfaces is
crucially dependent on the applied force field: CHARMM27

was developed by applying the TIP3P water model, the
Berger force field together with SPC water, and GAFF may
be used with both TIP3P and with SPC/E. Only the SPC/E
water correctly reflects the bulk water diffusion coefficient,
and TIP3P overestimates the bulk water diffusion by more
than a factor of 2. For the CHARMM27 lipid bilayer simula-
tion, the used 38 water molecules per lipid were not suffi-
cient to reach full hydration, since the water diffusion be-
tween periodic bilayers did not reach the increased bulk
water diffusion for the TIP3P water model. In contrast, for
SPC and SPC/E water this hydration level was sufficient to
reach the bulk water diffusion. The lateral diffusion coeffi-
cient for lipids is too small for GAFF and the Berger force
field applying the SPC/E and SPC water models, respec-
tively. In contrast, the CHARMM27 lipid force field shows a
diffusion close to the experimental value. One possible rea-
son may be due to the noteworthy charges on the acyl chain
atoms in the CHARMM27 force field. Also, the diffusion is
partly enhanced due to the large diffusion coefficient for wa-
ter molecules applying the TIP3P model. Note that due to
long-range correlations the lateral diffusion is dependent on
the system size for small systems.47 Here, due to the removal
of unidirectional correlated motions the obtained results for
the diffusion coefficient are likely too small.

FIG. 9. !Color" Average water dipole moment along the membrane normal.
The large fluctuations inside the hydrophobic core of the lipid bilayer are
due to individual water molecules spontaneously permeating the membrane.
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V. SUMMARY

In the present study we show simulation results for a
DOPC membrane employing a newly developed all-atom
force field based on GAFF. The performance of this force
field against two existing parametrizations !the all-atom
CHARMM27 and the united-atom model by Berger" is tested
on a range of physical observables. The presented GAFF
reproduces both the coarse properties such as the bilayer
thickness and also the experimentally found differences in
the structure and the order of the two acyl chains. In addi-
tion, GAFF offers a consistent force field for both lipids and
membrane embedded proteins, thereby enabling detailed
studies of the interaction between lipids and proteins. The
extension of GAFF to other phospholipids is straightforward.

It has been argued that the NPT ensemble is appropriate
for lipid bilayer simulations.20,76,77 Both GAFF and the
CHARMM27 lipid force field showed a transition to a gel-like
state in this ensemble, making the use of a surface tension
mandatory in simulations of the fluid !L/" phase. The applied
surface tension in our GAFF simulations was found to be
approximately independent of the size of the bilayer patch !a
four times larger bilayer did not show significant changes in
the area per lipid, data not shown", and should be multiplied
by the number of bilayers in the simulation system.
Membrane-embedded proteins will modify the membrane
pressure profile in a local environment around the protein.
However, for melittin embedded in a DMPC bilayer !121
lipids", even similar lateral pressures were determined for the
protein-lipid system !applying CHARMM27" as compared to
the pure lipid bilayer.78 Therefore, we expect the surface ten-
sion to be only slightly affected for comparable dilute
protein-lipid systems.

In the case of CHARMM27, a reparametrization of the par-
tial atomic charges has recently been shown to pave the way
toward fluid phase simulations in the NPT ensemble for
DPPC.49 One possible reason for deviations from the fluid-
like behavior of bilayers simulated in the NPT ensemble ap-
plying all-atom force fields may be the neglect of polarizabil-
ity. Especially the large fields occurring at the interface
between the highly polar water phase and the low-dielectric
hydrocarbon interior underline the need for a careful inves-
tigation of polarization effects. To this end, development and
tests of a polarizable model are currently under way.

Apart from the polarization issue, future studies will fo-
cus on the lipid-protein interaction in the different force
fields. However, comparison to experimental data is cur-
rently limited due to the scarcity of detailed experimental
studies on these interactions. Since GAFF easily allows ex-
tension to arbitrary organic molecules it can also be applied
to systematic studies on the partitioning of solutes between
the solvent and the bilayer, of great importance for a more
thorough understanding of dose-response relationships in
medicine. Knowledge about the binding characteristics may
additionally prove useful for future drug development.
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